The ubiquitously expressed uridine-rich snRNAs (small nuclear RNAs) are essential for the removal of introns, proper expression of histone mRNA and biosynthesis of ribosomal RNA. Much is known about their assembly into snRNP (small nuclear ribonucleoprotein) particles and their ultimate function in the expression of other genes; however, in comparison, less is known about the biosynthesis of these critical non-coding RNAs. The sequence elements necessary for 3 end formation of snRNAs have been identified and, intriguingly, the processing of snRNAs is uniquely dependent on the snRNA promoter, indicating that co-transcriptional processing is important. However, the trans-acting RNA-processing factors that mediate snRNA processing remained elusive, hindering overall progress. Recently, the factors involved in this process were biochemically purified, and designated the Integrator complex. Since their initial discovery, Integrator proteins have been implicated not only in the production of snRNA, but also in other cellular processes that may be independent of snRNA biogenesis. In the present study, we discuss snRNA biosynthesis and the roles of Integrator proteins. We compare models of 3 end formation for different classes of RNA polymerase II transcripts and formulate/propose a model of Integrator function in snRNA biogenesis.
is referred to by various names: SNAPc (snRNA activator protein complex), PTF (PSE-binding transcription factor) or PBP (PSE-binding protein) [4] . This complex recruits RNAPII to the promoter; however, the events that follow are snRNA-specific. Typical protein-encoding genes initiate transcription through the recruitment of RNAPII by transcription factors, followed by phosphorylation of Ser 5 within the heptad repeat (YSPTS 5 PS) of the large subunit (Rpb1) of RNAPII by TFIIH (transcription factor IIH) [cyclin H-CDK (cyclin-dependent kinase) 7], which ensures promoter clearance (reviewed in [9, 10] ). After the transcription of the first 100 nucleotides, there is a reduction in the levels of pSer 5 concomitant with an increase in the phosphorylation of Ser 2 by P-TEFb (positive transcription elongation factor-b), which contains the kinase cyclin T-CDK9 [11] . The implication of pSer 2 at mRNA genes is that it increases elongation efficiency and acts as a scaffold for RNA-processing factors such as Pcf11, which are required for cleavage and polyadenylation [12, 13] . Given their relative short length and lack of polyadenylation, it is not surprising that P-TEFb is dispensable for efficient elongation of snRNA genes [14] . However, it has been shown that phosphorylation of Ser 2 of the CTD is required for proper 3 end formation, thereby establishing a distinct requirement for P-TEFb that is not related to elongation [14] . Data from the Eick and Murphy laboratories have also shown that RNAPII indeed has an additional phosphorylation at Ser 7 and that this modification is essential for snRNA processing [15, 16] . Surprisingly, it was shown that TFIIH phosphorylates Ser 7 of the CTD, in addition to its established role of phosphorylation of Ser 5 [17] .
The 3 -box, although required for proper 3 end formation of snRNAs, is not likely to be a termination sequence, as it has been observed that RNAPII transcribes much further downstream of the snRNA cleavage site [18] . Thus the 3 box is likely to be a recognition site for a complex of proteins required to cleave the nascent snRNA from the gene (see below). Once the snRNA is cleaved off the template, it undergoes export to the cytoplasm through the activity of the snRNA-specific export factor PHAX (phosphorylated adapter for RNA export) [19] and then continues onward in the snRNP (small nuclear ribonucleoprotein) biogenesis pathway (reviewed in [20] ).
The snRNA 3 -processing complex: the Integrator proteins
Until recently, the holes in our understanding of snRNA expression have been largely unfilled. What is the identity of the complex of proteins required for 3 end formation? How are these factors recruited specifically to snRNA genes and not to other RNAPII genes? An advance in the field came from research performed in the Shiekhattar laboratory where a complex of proteins associated with RNAPII was biochemically identified, which they termed the Integrator complex [21] . This evolutionarily conserved complex contains at least 12 proteins in humans, with each having readily identifiable orthologues in other metazoans. Conspicuously, there are no detectable Integrator subunits present in Saccharomyces cerevisiae, consistent with the observation of the Nrd1/Nab3/Sen1 complex carrying out snRNA 3 end formation in that species [22, 23] . Initially, it was shown that RNAi (RNA interference)-mediated depletion of Integrator 11 or 1 resulted in the accumulation of misprocessed snRNA, thereby establishing a function in snRNA processing. Figure 1 is a schematic diagram of all 12 proteins with respect to domains identified using Pfam analysis (in black) and we have also shown regions of high sequence conservation (in grey). These proteins are annotated in numerical order on the basis of gel migration, with Integrator 1 having the largest predicted molecular mass of 244 kDa and Integrator 12 being the smallest at 48 kDa (in humans). At the time of purification, virtually none of the Integrator proteins had been characterized by other laboratories and most lack identifiable domains that would suggest a role in RNA processing. Moreover, a recent purification of the Integrator complex using specific antibodies against other subunits not tested in the original purification confirms the existence of all 12 proteins in the complex and demonstrates that there may indeed be many more members [24] .
Since the discovery of the Integrator complex, several studies have emerged demonstrating a role for Integrator subunits throughout evolution. Some cases are consistent with an snRNA-processing function, whereas others suggest that Integrator proteins may be multifunctional. Targeted disruption of Integrator 1 in mouse embryos results in an early embryonic lethality illustrating a fundamental requirement for this gene [25] . Moreover, the identification of regions of conservation greater than 80% over a stretch of ten amino acids are labelled in grey (conservation was compared between human, cow, chicken, Drosophila and zebrafish). Abbreviations: ARM, Armadillo-fold repeats; β-CASP, metallo-β-lactamase-associated CPSF Artemis SNM1/PSO2 (*Integrator 9 has these domains inactivated through single amino acid changes); DEAD, RNA helicase DEAD box (*key residues are mutated, probably rendering this domain inactive); DUF, domain of unknown function; HEAT, HEAT repeat units; IntS, Integrator subunit; β-lactamase, metallo-β-lactamase domain (*Integrator 9 has these domains inactivated through single amino acid changes); PHD, plant homeodomain finger; TPR repeats, tetratricopeptide repeats; VWA, von Willebrand factor A fold.
misprocessed snRNA in the mutant embryo is evidence that snRNA biosynthesis is disrupted. Inhibition of Integrator 5 expression in zebrafish using morpholinos results in severe developmental defects, including a lack of circulating blood cells [26] . This is due to a requirement for Integrator 5 in haemopoietic development through reduced differentiation of erythrocytes. Reduction in functional Integrator 5 or 11 in zebrafish leads to an accumulation of misprocessed snRNA and ultimately splicing defects in the Smad1/5 premRNAs, both of which are required for haemopoiesis. The observed defect in this organism is surprisingly specific and it may be that the splicing of these particular pre-mRNAs is sensitive to the levels of snRNA. A series of recent papers have identified Integrator 3 as a specific component of the single-stranded-DNA-binding heterotrimeric complex called the SOSS (sensor of single-stranded DNA) complex that is involved in detecting DNA double-stranded breaks [27] [28] [29] . The interaction of Integrator 3 with other members of this complex requires the N-terminal region and stretches into the highly conserved region shown in Figure 1 . This complex appears to be distinct from the Integrator complex, as none of the other SOSS subunits were reported in the original Integrator purification and did not appear in the recent MS analysis of Integrator immunoprecipitations [24] . In an interesting set of studies, Wieland and colleagues identified that Integrator 6 is synonymous with a presumed tumour-suppressor gene termed DICE1 (deleted in cancer 1) and that overexpression of this protein in a prostate cancer cells reduces colony formation and causes a cell-cycle arrest [30, 31] . It is not known why deletion of a specific Integrator protein, which would presumably inhibit snRNA biosynthesis, contributes to tumorigenesis, but this may be further evidence that different Integrator subunits may be members of distinct subcomplexes. Integrator 6 has a wellconserved vWF-A (von Willebrand factor A) domain at its N-terminus, which has been found to be present in proteins of diverse functions ranging from cell adhesion (i.e. integrin β-subunits) to transcription (i.e. TFIIHp44) [32] . The lack of a signal motif in Integrator 6 argues for an intracellular function. Removal or down-regulation of the Caenorhabditis elegans orthologue of Integrator 6 also results in the cessation of development and defects in mitochondrial development [33] . Indeed, this protein localizes within the mitochondria in nematode worms and provides evidence for yet another divergent and specialized function for an individual Integrator subunit. Finally, Drosophila that are null for the deflated gene (Integrator 7) exhibit various defects at several stages of development and die as late second instar larvae [34] . Trans-heterozygotes display abdominal defects that present themselves as a 'deflated balloon', which is the derivation of the name of this gene in fruitflies. It will be interesting to determine whether other Integrator subunits phenocopy this observation when deleted. Although there have been no reports describing any phenotype associated with loss of Integrator 12 function, it is noteworthy that this protein contains a highly conserved PHD (plant homeodomain), which is a common motif among nuclear proteins that bind chromatin. This, along with the vWF-A domain of Integrator 6, the HEAT repeats present in Integrator 4, and the β-lactamase domains of Integrator 9 and 11 represent the most identifiable motifs present within this complex.
The most structural and functional information for the Integrator proteins has been obtained with Integrator 9 and 11. These two proteins are highly homologous with CPSF (cleavage and polyadenylation specificity factor) 100 and CPSF73, which are known to be involved in the cleavage reaction of other RNAPII transcripts (see below). Integrator 9 and 11 form a heterodimeric complex in cells and have been found to interact directly using a yeast two-hybrid analysis [35] . Interestingly, RNAi-mediated down-regulation of Integrator 11 leads to a very specific G 1 arrest in human cells [35] . This specific cell-cycle defect may be a direct result of decreased U7 snRNA biosynthesis, which would be predicted to cause a G 1 arrest owing to a decreased potential to synthesize histone mRNA. Alternatively, a G 1 arrest could be an indirect effect related to a reduction in spliceosomal snRNA production, resulting in a global aberrant splicing, which could affect the expression of proteins essential for cell-cycle progression.
The Integrator 'cleavage complex' and its recruitment to pre-snRNA It is not known how the Integrator complex brings about cleavage of pre-snRNA and this represents an open avenue of research. In Figure 2 we illustrate the three different RNAPII 3 -end-processing machinery and highlight what is known about the well-studied mRNA-cleavage reactions. We compare this with a speculative model of how the Integrator complex carries out the analogous reaction on snRNAs.
Polyadenylated mRNAs have two well-defined elements at their 3 end; the AAUAAA hexamer or PAS (polyadenylation signal) and the GU/U-rich downstream element (DSE) (for simplicity, we have omitted the less-wellconserved auxiliary elements) (reviewed in [36] ). The PAS is recognized by the 160 kDa protein component of the CPSF through its RNA-recognition motifs [37] . The DSE is bound by the 64 kDa component of the CstF (cleavage-stimulation factor) complex [38] , which is a trimeric set of three polypeptides. Once these two sequences are recognized, they recruit a 'cleavage factor' that comprises two CPSF subunits (CPSF73 and CPSF100) as well as a large scaffold protein called Symplekin. The recent crystal structure of CPSF73 demonstrates that it is indeed a member of the β-lactamase family of zinc-dependent hydrolases as suggested previously using bioinformatics [39, 40] . Moreover, this protein falls within the β-CASP (metallo-β-lactamase-associated CPSF Artemis SNM1/PSO2) subfamily, which contains proteins that have evolved additional features allowing for the endonucleolytic cleavage of nucleic acids. Although the crystal structure of CPSF100 clearly demonstrates that it is also a β-CASP member [40] , it has several of the critical residues changed in the active site probably rendering it catalytically inactive. The implication of this change is not known, neither is how this complex is assembled with Symplekin and recruited to the site of cleavage.
The overall architecture of the 3 end elements is conserved in the replication-dependent histone pre-mRNAs, which are the only cellular mRNAs that are not polyadenylated. The key differences lie in the actual cis elements present at the 3 end (reviewed in [41] ). The PAS is replaced by a small evolutionarily conserved SL (stem-loop) sequence, which is bound by the SLBP (stem-loop-binding protein) [42] . In lieu of the DSE is an HDE (histone downstream element) that base pairs to the U7 snRNA, which is a component of the U7 snRNP [43] . Similarly to their poly(A) counterparts, once the elements in the histone pre-mRNA are recognized, there is a recruitment of a cleavage factor that probably consists of CPSF73/CPSF100 and Symplekin, although, clearly, the method of recruitment and the type of interactions are distinct [44] [45] [46] [47] . This suggests that there are two 'pools' of mRNA-cleavage factors recruited to nascent pre-mRNAs and that each pool mediates its interaction with the unique subunits of each processing complex.
The organization of the 3 elements of the pre-snRNA appear to be similar in some respects to its mRNA counterparts. The 3 box is located downstream of the cleavage site and a terminal SL structure present in all snRNAs; however, the size and content of this SL is not well conserved [6] . The 3 box is unique in that it is more tolerant to mutation than cis elements present in the pre-mRNA sequences, suggesting that the recognition of this sequence to guide the cleavage event is more general rather than specific [7] . The obvious difference between the Integrator complex and the other 3 -endprocessing machinery is the apparent lack of any component possessing an RNA-binding domain. This lack of an identifiable binding domain in the trans-acting factors leads to the question of how the 3 box is recognized. It is possible that binding to the 3 box (and potentially the 3 SL) is mediated by a yet-to-be identified RNA-binding motif present within an uncharacterized Integrator subunit. This is reminiscent of when SLBP was discovered to possess a unique RNA-binding domain not seen in other RNA-processing factors [42] . It is entirely possible that none of the Integrators binds to RNA, but, rather, this event is mediated by an associated factor.
A second interesting mechanistic question is how the Integrator complex interacts with RNAPII CTD. It has been determined by several groups that snRNA promoters play an essential role in the 3 -end processing of the precursors [48, 49] . The use of non-snRNA promoters causes the misprocessing of the snRNA, suggesting that the snRNA promoter is responsible for the recruitment of the machinery that cleaves the 3 end of the snRNA. This suggests that the CTD is uniquely modified at the snRNA promoter through the activities of both P-TEFb and TFIIH, but the nature of this interaction has yet to be established. It is not clear how a general transcription factor, such as TFIIH, which is presumed to be present at all RNAPII genes, creates a phosphorylation pattern uniquely outfitted for Integrator binding, neither is it known whether Integrator proteins are present at non-snRNA genes.
Finally, how the cleavage complex is assembled is not known. The accepted model is that Integrator 11 and 9 behave analogously to CPSF73 and CPSF100 [35] . Integrator 11 is nearly 40% identical with the catalytic domain of CPSF73 in the first 450 amino acids. Both Integrator 9 and 11 are members of the β-CASP family [39] . Even more compelling is the fact that Integrator 9, like CPSF100, contains the same amino acid changes that are predicted to inactivate its catalytic activity, suggesting that this change is somehow important for the function of both cleavage factors. Interestingly, no protein related to Symplekin has been identified in the Integrator complex. It is unlikely, although possible, that Symplekin itself is a member of the Integrator complex, as it has not been identified in any pull-downs, neither is there any clear homology between an Integrator subunit and Symplekin. Given the importance of Symplekin in both histone pre-mRNA processing [50] and the cleavage of poly(A) mRNAs, it is reasonable to assume that one of the Integrator subunits behaves as a scaffold for Integrator 9 and 11. Once this cleavage complex is assembled, it must interact with the other subunits at the site of pre-snRNA cleavage to facilitate snRNA release and ultimately lead to termination and recycling of the other members of the complex.
Conclusions
The identification of the Integrator complex will probably regenerate interest in the mechanism of snRNA 3 -end formation that will undoubtedly be the focus of study in years to come. The reports that have emerged since its initial purification suggest that this complex may be multifunctional and play roles in various types of gene expression beyond snRNA processing. Many of the observations that we have highlighted in the present article, will probably become clearer as the molecular mechanism of the Integrator proteins is determined. We envisage that future research will establish connections between components of the Integrator complex and members of the general transcription apparatus.
